extent of lead contamination in soils on small-arms firing ranges at a military installation. This field screening technique provides significant time and cost savings for the study of sites with leadcontaminated soil. Data obtained with the X R F unit in the field are compared with data obtained from soil samples analyzed in an analytical laboratory by inductively coupled plasma atomic emission spectroscopy. Results indicate that the field-portable XRF unit evaluated in this study provides data that are useful in determining the extent and relative magnitude of lead confamination. For the commercial unit used in this study, improvements in the spectral resolution and in the limit of detection would be required to make the unit more than just a screening tool.
.
INTRODUCTION
High concentrations of lead and other heavy metals are commonly found on and near military small-arms firing ranges. This can pose a threat to human health and the environment.1-2 Concentrations of these metals are usually determined by collecting soil samples and analyzing them in an analytical laboratory by atomicabsorption (AA) spectroscopy and /or inductively coupled plasma atomic emission spectroscopy (ICP-AES) .3 Sample collection and laboratory analysis require substantial expenditures of time and funds. Portable, energy-dispersive X-ray fluorescence (XRF) is an alternative method for field screening for lead and other metals at sites where levels of concern are in the 100-mg/kg range and higher.4-5 Portable XRF offers advantages in time and cost of analysis. Results are available immediately and can be used to determine if a problem exists. Several readings can be made in a relatively short period of time, so "hot spots" can be identified in the field. Cost per analysis is very low compared to that of sending samples to an analytical laboratory for analysis.
At Grafenwohr Training Area, located in southern Germany, three training ranges are under investigation for lead con tamination. No prior environmental studies had been performed on these historic ranges, and little information about past practices was available. The first range is a rifle range used by troops to check the accuracy of their rifle sights. No evidence of slugs is visible on this range. The second range is used for pistol practice. On the pistol range, slugs are visible on the ground around the targets and in the berm behind the targets. The third range is used to provide combat troops with experience in the use of the hand grenade. This range is pitted with craters, and pieces of shrapnel are found everywhere.
This study seeks to evaluate a commercially available field-portable XRF spectrometer to determine its utility in determining lead contamination in soil. In addition to the portable XRF data collected in the field, soil samples were collected from the ranges for laboratory analysis by ICP-AES to confirm the field XRF results.
'.
EXPERIMENTAL APPROACH
The instrument used in our study was a MAP X-ray fluorescence spectrum analyzer with a cadmium-109 source, manufactured by Scitec Corp. The instrument, an energy-dispersive X-ray fluorescence spectrometer, uses a solid-state silicon detector with a resolution of 170 keV and an active area of 25 mm2. The principal difference between wavelength-dispersive and energy-dispersive spectrometers is the manner of resolving the fluorescent X-ray spectrum emitted by the excited atoms in the sample.5 A wavelength-dispersive instrument uses an optical assembly to sort the X-rays by wavelength, while an energy-dispersive one uses an electronic detector that responds to the energy of the X-rays being detected.
Radioactive elements that produce a narrow band of characteristic energies are commonly used in portable X R F instruments. Our instrument was calibrated by the manufacturer for determination of lead contamination in the soil. The calibration was done using soil spiked with known amounts of lead. A validation standard was used to ensure that the instrument was operating properly in the field. This validation standard contained a known amount of lead and was checked before, . during, and after sampling. Readings varied less than five percent during this study. Field measurements were made using a 60-second sampling period to acquire the spectrum.
The MAP X-ray fluorescence spectrum analyzer' measures the spectrum of energies of
The spectrum of energies detected during a measurement is recorded, evaluated, and saved in the memory of the instrument. The spectrum can be copied to a portable computer and analyzed in detail later to determine the concentration of metals not targeted at the X-rays emitted from the sample (Figures 1-3) . All QC results were within acceptable ranges.
RESULTS AND DISCUSSION
The portable XRF unit is relatively lightweight (4.8 kg) and easily carried by one person. The battery held sufficient charge to remain operational throughout an eight-hour day; the battery was recharged overnight. More than 100 measurements were made each day.
Readings taken on the rifle range indicated high levels of lead in the surface soil (1,000 mg/kg and higher). Readings were highest near the target areas and near the stations where the rifles are fired. However, at increasing depths of only a few centimeters below the surface, levels of lead decreased to less than detection limits.
On Range 124, for example, several surface readings in the range of 2,000 to 7,000 mg/kg were recorded. In all cases, (I) the readings decreased dramatically with subsurface measurement increments, and (2) lead readings of zero were obtained at depths of 15 to 60.cm. This was valuable information because it indicated that the lead contamination was confined to the surface. The XRF data made it possible to identify the "hot spots" and determine that the contamination was limited to the surface soil. This information was available immediately after the readings were made in the field.
Readings obtained on the pistol range indicated much lower levels of lead in the surface soil. This seemed to be inconsistent with the observation that several more slugs were visible on and in the soil on this range than in the rifle range, which had higher readings, In discussions with ballistics experts, it was learned that the rifle slugs are designed to disintegrate into small particles on impact, while the pistol slugs remain intact upon impact. This is consistent with our data: lead from the intact slugs did not readily leach into the soil on the pistol range, whereas the minute particles produced on the rifle range were more easily incorporated into the soil.
Readings on the hand grenade range indicated low levels of lead, which was confirmed by laboratory analysis. This was consistent with the recorded use of this range for hand grenade practice.
Accuracy and precision are two measures of the quality of analytical data produced by a given method. Table I for an MIF reading of 0 mg/kg was 366 mg/kg. This indicates that for the conditions encountered, the limit of detection for the portable XRF unit used in this study was approximately in the range of 50 to 400 mg/kg of lead, depending on the soil matrix.
This limit was acceptable for screening purposes, because our level of concern for lead contamination was 500 mg/kg. However, a lower limit of detection would be highly desirable.
For samples with XRF readings in the range 0 to 500 mg/kg (see Table IO , variations in the degree of agreement between portable XRF and lab ICP results may be due to the nature of the contamination. Lead contamination on small-arms ranges is usually in the form of fine metallic particles, which are very heterogeneous. This is probably the reason that two of the samples gave readings of less than 500 mg/kg in the field but greater than 500 mg/kg by lab ICP. Table 11 also contains data from samples with XRF readings greater than 500 mg/kg of lead. Of the 24 samples indicated in Table 11 , the ICP result agreed with the XRF result within 50% for only eight. Better correlation would be required for field XRF to be useful as more than just a screening tool. All field readings that indicated lead contamination were confirmed by the laboratory results.
CONCLUSION
The portable XRF unit used in this study proved to be of value for screening contaminated small-arms sites. Field measurements cannot be expected to agree exactly with the analytical laboratory results on soil samples. The limit of detection and the spectral resolution of the commercial unit used limited the use of the X R F data. However, the XRF data were useful for deciding in the field whether a problem existed and for determining the dimensions of contaminated areas. The ability to make hundreds of measurements quickly and inexpensively made the portable XRF unit a useful tool for field work.
Field-portable XRF is being used to screen for lead and other heavy metal contamination in the field. Improvements in spectral resolution and in the limit of detection will make X R F more than just a screening tool. 
